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Significance

SOX9 heterozygous mutations 
cause skeletal malformation and 
bent bones of Campomelia 
Dysplasia. The cause of bent 
bones and whether similar 
molecular mechanisms apply in 
vivo for all heterozygous 
mutations in SOX9 are unclear. In 
this study, we generated a mouse 
equivalent of the human 
CD SOX9Y440X mutation, which 
truncates the C-terminal 
transactivation domain. We 
discovered, unlike the null 
mutation, heterozygosity for 
Sox9Y440X exerts cell autonomous 
and noncell autonomous 
dominant-negative effects on 
WNT and HH signaling, 
dysregulating osteogenesis, 
causing campomelia. Our study 
provides mechanistic insight 
into SOX9’s molecular control of 
human skeletal morphogenesis, 
that is relevant for normal control 
of bone shapes, life-limiting 
congenital growth defects, and the 
recapitulated processes of 
chondroosteogenesis in clinical 
scenarios such as during fracture 
repair.
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Haploinsufficiency for SOX9, the master chondrogenesis transcription factor, can under-
lie campomelic dysplasia (CD), an autosomal dominant skeletal malformation syndrome, 
because heterozygous Sox9 null mice recapitulate the bent limb (campomelia) and some 
other phenotypes associated with CD. However, in vitro cell assays suggest haploinsufficiency 
may not apply for certain mutations, notably those that truncate the protein, but in these 
cases in vivo evidence is lacking and underlying mechanisms are unknown. Here, using 
conditional mouse mutants, we compared the impact of a heterozygous Sox9 null mutation 
(Sox9+/−) with the Sox9+/Y440X CD mutation that truncates the C-terminal transactivation 
domain but spares the DNA-binding domain. While some Sox9+/Y440X mice survived, all 
Sox9+/− mice died perinatally. However, the skeletal defects were more severe and IHH sig-
naling in developing limb cartilage was significantly enhanced in Sox9+/Y440X compared with 
Sox9+/−. Activating Sox9Y440X specifically in the chondrocyte–osteoblast lineage caused milder 
campomelia, and revealed cell- and noncell autonomous mechanisms acting on chondrocyte 
differentiation and osteogenesis in the perichondrium. Transcriptome analyses of developing 
Sox9+/Y440X limbs revealed dysregulated expression of genes for the extracellular matrix, as well 
as changes consistent with aberrant WNT and HH signaling. SOX9Y440X failed to interact 
with β-catenin and was unable to suppress transactivation of Ihh in cell-based assays. We 
propose enhanced HH signaling in the adjacent perichondrium induces asymmetrically 
localized excessive perichondrial osteogenesis resulting in campomelia. Our study implicates 
combined haploinsufficiency/hypomorphic and dominant-negative actions of SOX9Y440X, 
cell-autonomous and noncell autonomous mechanisms, and dysregulated WNT and HH 
signaling, as the cause of human campomelia.

SOX9 | campomelic dysplasia | osteoblast differentiation | skeletal disorders |  
WNT and HH signaling

During endochondral bone formation, chondrocytes in the cartilaginous growth plate dif-
ferentiate in a highly regulated cascade of proliferation, cell-cycle exit and maturation, 
followed by phases of hypertrophy, culminating in transformation to become osteoblasts in 
the primary spongiosa (trabecular bone) (1–4). This differentiation cascade is regulated by 
transcription factors and signaling pathways, whose disruption results in skeletal dysplasias 
(5, 6). The SRY-box containing gene 9 (SOX9) transcription factor is a master regulator of 
chondrogenesis (7, 8). SOX9 is first transcribed in bipotent osteochondroprogenitors and 
remains highly expressed in differentiating chondrocytes until they enter hypertrophy, but 
it is switched off in the osteogenic lineage (7, 9–14). Although SOX9 is crucial for the onset 
of chondrogenesis (8), it is not a pioneer transcription factor for establishing the chondro-
genic program (15). SOX9 drives chondrocyte differentiation from bipotential osteochon-
droprogenitors through synergistic, antagonistic, and repressive actions in concert with 
partner factors to control the dynamic gene expression characteristic of the differentiation 
phases (reviewed in ref. 16). SOX9 directly activates many cartilage extracellular matrix 
(ECM) genes, including Col2a1, Acan (Aggrecan), Col10a1, Col11a2, as well as regulators 
of chondrocyte differentiation, such as Sox5 and Sox6, many of which are severely down-reg-
ulated in developing mouse limb buds upon complete loss of SOX9 function (14, 15, 
17–21). This robust transactivity is mediated by partner factors, such as SOX5 and SOX6 
(themselves targets of SOX9) and AP1 (JUN), which act cooperatively with SOX9 (21–23). 
SOX9 is also required for the proliferation and survival of chondrocytes and prevents their 
osteoblastic conversion by antagonizing β-catenin and RUNX2 activity (14, 24–26).

SOX9 acts as a transactivator or a repressor during chondrocyte differentiation, depending 
on the context of cooperating factors, as illustrated by its regulation of Col10a1 (27). In 
proliferating chondrocytes SOX9 binds directly to regulatory elements upstream of Col10a1, 
repressing its expression in concert with GLI factors, contributing to the specific restricted 
expression of Col10a1 in hypertrophic chondrocytes (HCs) (20, 27). As chondrocytes enter 
hypertrophy, SOX9 binds to RUNX2, promoting its degradation and thus inhibiting RUNX2 
transactivation of Col10a1 (28). However, SOX9 also binds to the Col10a1 promoter and, 
together with MEF2C, transactivates its expression in HCs (13). SOX9 and JUN cobined 
and coactivate a Col10a1 enhancer, promoting hypertrophy (20, 23, 25, 27, 29). These 
interactions between factors and their binding to different cis-regulatory elements suggest a 
model of coordinated partnerships that drive the regulatory cascade of differential gene D
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expression and signaling pathways controlling chondrocyte differ-
entiation during endochondral bone formation, disruption of which 
results in skeletal dysplasia in humans and mice (14, 21, 23, 26, 29).

Heterozygosity for point mutations (missense, nonsense, 
frameshift, and splice site) in SOX9, as well as chromosomal aber-
rations outside the SOX9 gene that presumably disturb key regula-
tory regions, cause campomelic dysplasia (CD; OMIM 114290) 
(30–35), a rare, dominant semi-lethal skeletal disease characterized 
by congenital shortening and angulation of long bones (campome-
lia). Other frequent anomalies include hypoplastic scapulae, Pierre 
Robin sequence, sensorineural deafness, and sex reversal or urogen-
ital anomalies in affected karyotypic males (36, 37). The molecular, 
cellular, and developmental abnormalities leading to campomelia 
in CD patients are not well defined. Because mutations in a single 
allele of SOX9 are sufficient to cause CD without obvious geno-
type–phenotype correlations (38) and heterozygous null Sox9+/− 
mice phenocopy the skeletal dysmorphology of CD (39), it is 
generally believed that CD is caused by haploinsufficiency for SOX9. 
However, the haploinsufficiency model assumes all mutations lead 
to loss-of-function and does not consider the diverse mutational 
spectrum in SOX9 and CD (14, 32, 35, 38, 40).

The SOX9Y440XCD mutation, which introduces a premature 
termination codon, truncating the C-terminal transactivation 
domain (residues 402 to 509), is the most commonly reported 
mutation, possibly because heterozygous SOX9Y440Xindividuals 
survive longer than other individuals with CD (38, 41–43). 
SOX9Y440X has been shown to retain DNA binding and residual 
transactivation activity in vitro (42, 43), suggesting SOX9Y440Xmay 
be a hypomorphic allele. A recent cell-based study of four other 
SOX9 CD-associated nonsense mutations that truncate the C 
terminus has raised the possibility of a dominant-negative effect 
and mechanisms other than haploinsufficiency for null mutations 
(44). Whether any of these mechanisms act in combination has 
not been addressed in vivo.

In this study, we compare the in vivo pathophysiological conse-
quences on skeletal development of heterozygosity for the truncating 
SOX9Y440X CD mutation with a SOX9 null mutation in mice genet-
ically altered to carry equivalent mutations. Combined with tran-
scriptomic analyses and in vitro and in vivo transactivation assays, we 
present evidence that, rather than a single haploinsufficiency mech-
anism, SOX9Y440X exerts a combination of haploinsufficiency/hypo-
morphism and dominant-negative mechanisms on WNT–HH 
signaling that, together with noncell autonomous effects, perturbs 
perichondrial osteogenesis, resulting in campomelia.

CD-Like Phenotypes Were More Severe in 
Sox9+/Y440X Mutants than for Sox9+/− Mice

To overcome the perinatal lethality associated with heterozygosity 
for Sox9 (39), and to elucidate the pathological mechanisms of the 
SOX9Y440X CD mutation, we generated a mouse model harboring 
a conditional Sox9 allele, Sox9floxed-Y440X. This permits transcription 
of WT Sox9 in the absence of Cre protein, but following Cre recom-
bination, Sox9Y440X and a linked EGFP reporter are transcribed in 
its place (Fig. 1A and SI Appendix, Fig. S1), with the same temporal 
and tissue specificity in vivo. Mice homozygous for the Sox9floxed-Y440X 
allele were healthy and fertile. To compare the in vivo impact of a null 
with the Y440X mutation, we generated Sox9+/− and Sox9+/Y440X 
constitutive heterozygous mutant mice (with the latter named Sox9+/CD 
hereafter) by crossing conditional Sox9floxed (7) and Sox9floxed-Y440X 
mice to β-actin-Cre (ubiquitous Cre activity) mice (31). EGFP 
activity in Sox9+/CD embryos mirrored the typical Sox9 expression 
pattern observed in Sox9+/IRES-EGFPmice (12), confirming that the 
Sox9Y440X-IRES-EGFP cassette was controlled by the endogenous 
Sox9 promoter (Fig. 1B).

Skeletal preparations of Sox9+/− and Sox9+/CD neonates showed 
skeletal and craniofacial abnormalities that recapitulated those of 
human CD patients, including campomelia, hypoplastic scapula, 

malformed spine, small thoracic cage, hypoplastic tracheal carti-
lage, cleft palate, and micrognathia (Fig. 1 C–E and SI Appendix, 
Tables S1 and S2). Sox9+/CDmice displayed shorter mandibles, ribs, 
and appendicular bones, and the campomelia and spine defects 
were more severe than for Sox9+/− mice (SI Appendix, Tables S1 
and S2). By contrast, cleft palate and tracheal cartilage defects 
were milder in Sox9+/CDthan in Sox9+/− mice (Fig. 1 D and E and SI 
Appendix, Table S2). Consistent with a previous report, all Sox9+/− 
mice died shortly after birth of respiratory distress (39), whereas 
10% of Sox9+/CD mice survived to adulthood (SI Appendix, Tables 
S1 and S2). The surviving Sox9+/CD mice had kinked tails and 
kyphosis and were stunted compared with Sox9+/+ mice (WT) 
mice (Fig. 1 F and G). Like some CD patients (37), they also 
displayed sensorineural deafness (SI Appendix, Tables S1 and S2). 
Therefore, we hypothesize that Sox9Y440X is not simply a loss of 
function mutation, but other mechanisms could apply.

Enhanced Osteogenesis in Embryonic Limbs of 
Sox9+/CD Mice

To investigate the pathology of campomelia, we compared the 
fetal skeletons of Sox9+/CD and Sox9+/− mice using morphometric 
and molecular assays. Alcian Blue staining revealed severely bent 
tibia in E15.5 Sox9+/CD fetuses, deviation of the orientation of the 
growth plate to the main axis and an expanded domain of hyper-
trophic cartilage and tissue mass located asymmetrically adjacent 
to the perichondrium (hereafter referred to as “perichondrial 
mass”), which was not present in WT and Sox9+/− mice (Fig. 2A). 
Microcomputed tomography (µCT) imaging confirmed the osse-
ous nature of the perichondrial mass and a more severe campome-
lia in Sox9+/CD mice compared with Sox9+/− (Fig. 2B).

Collagen X (Col10a1) is synthesized exclusively by prehyper-
trophic chondrocytes (PHCs) and HCs from E13.5 onward. Col10a1 
is not expressed in the perichondrium and is down-regulated in HCs 
in the lower hypertrophic zone (late HCs) as they transform to 
become osteoblasts (3). Osterix (OSX) is expressed by PHCs, HCs, 
and osteoblasts (Fig. 2 C and D) (3, 45). The cells in the perichondrial 
mass in Sox9+/CD tibia were strongly positive for OSX and Col1a1 
transcripts, confirming the osteogenic nature of the tissue (Fig. 2 
C–E). Notably, chondrocytes in the proliferative zone of Sox9+/− mice 
expressed Col1a1 transcripts, which is consistent with a previous 
report that SOX9 prevents osteoblastic conversion of chondrocytes 
(13). Few cells in the lower part of the hypertrophic zone of Sox9+/
CD tibia expressed Col10a1 transcripts even though the surrounding 
ECM in the whole region stained strongly for collagen X protein 
(compare Fig. 2 C and E). In addition, Col1a1 was expressed in the 
lower part of the hypertrophic zone (Fig. 2E). This discordant expres-
sion pattern suggests that Sox9+/CD HCs ceased Col10a1 transcription 
prematurely and had initiated osteogenesis. In agreement, expression 
of Mmp13 and Opn (both late HC (LHC) markers) was strongly 
up-regulated (Fig. 2 F and G).

Notably, Sox9+/CD mice showed a marked increase of Ihh expres-
sion in PHCs and of its downstream transcriptional target, Ptch1, 
in the proliferating chondrocytes (PCs) and perichondrium 
(Fig. 2H). By contrast upregulation of these two markers was 
milder in Sox9+/−in comparison with Sox9+/+, paralleling the dif-
fering skeletal severity in these strains (Fig. 2H). In E13.5 tibiae, 
before the formation of the primary ossification center and overt 
campomelia, Ptch1 RNA signals were stronger in the Sox9+/CD 
growth plate compared with Sox9+/− and Sox9+/+. Probing for Ihh 
and Col10a1 transcripts confirmed normal chondrocyte differen-
tiation to the hypertrophic state in E13.5 Sox9+/−and Sox9+/CD 
mice. Importantly, more Col1a1-expressing cells was already 
apparent in the perichondrium of E13.5 Sox9+/− and Sox9+/CD tibia 
than that of Sox9+/+, consistent with accelerated onset of osteo-
genesis (SI Appendix, Fig. S2A). Taken together, the data suggest 
premature HC differentiation and aberrant perichondrial osteo-
genesis may contribute to the development of campomelia.D
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Sox9Y440X Affects Both Perichondrial and HC 
Lineages, Inducing Campomelia

Two sources of osteoblasts contribute to the development of appen-
dicular skeleton: osteoprogenitors in the perichondrium and HCs (3, 
4, 46). Since SOX9 inhibits osteogenesis (13, 26), we tested whether 
the accelerated HC maturation in Sox9+/CD altered the progression of 
HC-osteoblast differentiation and contributed to campomelia. We 
utilized the HC-specific Col10a1Cre knock-in line (abbreviated as C10) 
(3) to activate the Sox9Y440X mutation in pre-HCs and HCs but not 
in the perichondrium (3), and traced their fate with a Cre-dependent 
R26RtdTomato reporter strain (TdT) (47) (Fig. 3A). Sox9 transcripts are 
expressed strongly in PCs and PHCs, at very low levels in the peri-
chondrium and are absent in HCs (11, 48), although protein persists 
in less mature HCs in the upper part of the hypertrophic zone 
(Fig. 3B) (13). To detect SOX9Y440X protein, we generated an anti-
body that specifically recognizes the mutant protein but not WT 
SOX9 (see Methods). In both C10Sox9+/CD;TdT and C10Sox9CD/CD;TdT 
mice, only WT SOX9 protein was present in the resting and PCs, 
whereas SOX9Y440X was present in pre-HCs and HCs (Fig. 3B). In 
these conditional heterozygous mutant mice, SOX9Y440X was coex-
pressed with WT SOX9 in the less differentiated HCs in the upper 
part of the hypertrophic zone (Fig. 3B). Unlike WT SOX9, SOX9Y440X 
was expressed throughout the hypertrophic zone in homozygous 
conditional mutants (Fig. 3B), suggesting SOX9Y440X protein was not 
only stable but persisted longer.

C10Sox9+/CD;TdT mice displayed comparable appendicular 
bone lengths to their control littermates but homozygous 
C10Sox9CD/CD;TdT neonates displayed generalized shortening of 
endochondral long bones, and this phenotype persisted into adult-
hood, implicating a dose-dependent impact of SOX9Y440X (Fig. 3C 

and SI Appendix, Fig. S3 A and B). Three-dimensional reconstruc-
tion of µCT images and morphometric analyses did not show 
differences in trabecular bone volume and quality between control 
and heterozygous conditional mutants but revealed significant 
anterolateral bowing in the tibiae of C10Sox9CD/CD;TdT homozy-
gotes (Fig. 3D and SI Appendix, Fig. S3 C–F). However, the sever-
ity of campomelia was milder in C10Sox9CD/CD;TdT compared 
with Sox9+/CD mice, implying Sox9CD activity in the non-Col10-
marked cell population (i.e., non-HC derivatives) also contribute 
to the full campomelia (Figs. 1C and 3C). Interestingly, 
C10Sox9CD/CD;TdT mice displayed stronger and broader activation 
of Mmp13 and Opn (Spp1) in the hypertrophic cartilage and 
enhanced Col1a1 signal in the perichondrium flanking the pri-
mary ossification center, implying an increase in LHCs and accel-
erated perichondrial osteogenesis (Fig. 3E). These data suggest 
that SOX9Y440X activity in pre-HCs/HCs and the HC-osteoblast 
lineage combined with activity in the other chondrocyte popula-
tions (e.g., PCs) together causes the full campomelia phenotype 
in constitutive Sox9+/CD mice.

SOX9Y440X Does Not Affect the Rate of HC-
Osteoblast Differentiation

We next assessed whether SOX9Y440X affects the survival of HCs 
and their rate of differentiation to osteoblasts. TUNEL assays 
showed no precocious cell death of Sox9Y440X-expressing HCs (SI 
Appendix, Fig. S4A). To determine whether the increased osteo-
genesis was caused by enhanced transition of HCs to osteoblasts 
in trabecular bone, we quantified the relative proportions of three 
cell populations in trabecular bones of the conditional mutant 
neonates: HC-derived cells (tdTomato+), HC-derived mature 
osteoblasts (Col1a1+tdTomato+), and non-HC derived mature 
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osteoblasts (Col1a1+tdTomato-) (SI Appendix, Fig. S4B). In line 
with previous reports (3, 4, 29), approximately 46.5 ± 3.5% of 
trabecular osteoblasts in control mice were HC descendants, but 
this percentage did not differ significantly between genotypes, 
implying the relative contribution of HCs to osteoblasts was not 
affected by SOX9Y440X (SI Appendix, Fig. S4 C and D).

To test whether there was a change in the kinetics of HC-osteoblast 
differentiation, we utilized mice carrying a tamoxifen-inducible 
Col10a1-CreERt allele (referred as iC10 hereafter) (3) to activate 
Sox9Y440X in HCs and tracked their fate with TdT. We induced Cre 
activity in HCs by administrating tamoxifen at day 16.5 of preg-
nancy and fetuses were harvested at 16-, 24-, and 32 h postinjection 
(hpi). HC-descendants were quantified across five subchondral 
zones immediately below the chondro–osseous junction (zones 1 
to 5, each 50 µm apart) (SI Appendix, Fig. S4E). At 16 hpi, majority 
of HC descendants were found within 100 µm from the junction 
and only around 10% of them expressed Col1a1. At 24 hpi and 32 
hpi, an increasing proportion of HC descendants had transited into 
zones 4 and 5, and approximately 20% of the tdTomato+ cells had 
differentiated into Col1a1-expressing osteoblasts (SI Appendix, Fig. 
S4 F and G). These findings are consistent with previous reports 
showing that HCs differentiate into osteoblasts within ~24 h (3). 
At all experimental time points, the proportion of HC-derived 
osteoblasts remained comparable between control and mutant lit-
termates. Similarly, there were no significant differences in the dis-
tribution pattern of HC-derived osteoblasts in the primary 
ossification center across various genotypes and timepoints (SI 
Appendix, Fig. S4 F and G). Although SOX9 normally inhibits 
osteogenesis (13, 26), the constitutive and inducible HC lineage 
tracing data indicate that SOX9Y440X does not alter the rate of 
HC-osteoblast differentiation. These results are consistent with a 
recent study on mature mice, which indicated deletion of Sox9 did 
not affect the osteogenic fate of growth plate chondrocytes (26).

Conditional Deletion of SOX9 in HCs Does Not 
Result in Campomelia

We next tested whether campomelia in C10Sox9CD/CD;TdT 
mutants is caused by deficiency of WT SOX9. We compared HC- 
specific conditional Sox9 null mice (abbreviated as C10Sox9c/c;TdT) 
with C10Sox9CD/CD;TdT mutants. In situ hybridization revealed 
premature cessation of Sox9 transcription in the pre-HCs of 
C10Sox9c/c;TdT mutants, confirming effective inactivation of 
Sox9. SOX9 protein persists longer than its transcript (13). In 
C10Sox9c/c;TdT mutants, SOX9 protein was depleted in HCs in 
the lower hypertrophic zone (SI Appendix, Fig. S5A). In contrast 
to C10Sox9CD/CD;TdT mutants, C10Sox9c/c;TdT neonates were 
grossly normal and did not exhibit campomelia (Fig. 3D and SI 
Appendix, Fig. S5 B and C). Double staining for Col1a1 RNA and 
tdTomato lineage marker demonstrated that SOX9 deficiency in 
HCs did not perturb their differentiation to osteoblasts (SI 
Appendix, Fig. S5 D and E). Expression of Ihh and Ptch1 was also 
unaffected in C10Sox9c/c;TdT mutants (SI Appendix, Fig. S5F). 
These data together suggest that campomelia in C10Sox9CD/CD;TdT 
mutants is not simply due to the loss of SOX9 activity but likely 
a consequence of other effects, acting noncell autonomously and/
or dominant negatively.

Enhanced Chondrocytic IHH Signaling 
and Noncell Autonomous Stimulation of 
Perichondrial Osteogenesis

Osteoblast progenitors in the perichondrium migrate with invad-
ing blood vessels to populate the primary ossification center and 
contribute to trabecular bone (46). We next assessed possible 
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stimulation of osteogenesis via noncell autonomous effects on the 
perichondrium using C10-mediated activation of SOX9Y440X in 
HCs only (3).

Like E15.5 Sox9+/CD mice, E16.5 C10Sox9CD/CD;TdT mice showed 
asymmetric and excessive ossification of their tibiae. This is in contrast 
to a symmetrically ossified cuff-like bone collar seen in C10Sox9+/
CD;TdT, and control littermates (Fig. 4 A and B). The extra perichon-
drial bone mass was not caused by increased cellular proliferation, as 
a 2-h EdU pulse showed no difference in the percentage of prolifer-
ating perichondrial cells between genotypes. Immunostaining for the 
tdTomato lineage marker confirmed the ossified mass was not derived 
from HC descendants, implying a perichondrial origin for the 
enhanced osteogenesis (Fig. 4C). We therefore hypothesized that 
SOX9Y440X in pre-HCs/HCs stimulated perichondrial osteoblas-
togenesis via a noncell autonomous mechanism.

Ihh is expressed primarily in pre-HCs and signals to the peri-
chondrium to induce bone collar formation (48–50). Similiar to 
Sox9+/CD mutant, in C10Sox9CD/CD;TdT PHCs Ihh in situ hybrid-
ization signals were increased and the expression of Ptch and Gli1, 
both known transcriptional targets of the hedgehog pathway, was 
enhanced not only in proliferating and resting chondrocytes but 
also in the adjacent tibia perichondrium (Fig. 4D). A similar pat-
tern of Ihh pathway upregulation was observed in the bones of 
E16.5 C10Sox9CD/CD;TdT pups (SI Appendix, Fig. S6 A and B). 
EdU assays showed an increase in PCs and an increased numbers 
in perichondrial OSX+ osteoblast precursors in C10Sox9CD/CD;TdT 

mutants, both of which are well-known readouts of chondrocytic 
IHH signaling to the perichondrium (Fig. 4 E–H). This effect is 
likely to be noncell autonomous, since SOX9Y440X is not expressed 
in the perichondrium at this stage (Fig. 3B).

Regulation of ECM Genes and Wnt Signaling 
Are Perturbed in Sox9+/CD Developing Limbs

To gain insight into the molecular signaling pathways affected by 
SOX9Y440X in vivo, we FACS purified Sox9-expressing (GFP+) and 
non Sox9-expressing (GFP−) cells from forelimb and hindlimb 
buds of E13.5 Sox9+/IRES-EGFP(WT) (51) and Sox9+/CD(CD) 
embryos for RNA-seq (Fig. 5A and SI Appendix, Fig. S7A). We 
assigned the forelimb and the hindlimb as biological replicates to 
increase statistical power (see Methods and SI Appendix, Fig. S7B). 
Consistent with the heterozygous nature of both mouse genotypes, 
the relative abundances of Sox9Y440X and Sox9 transcripts in GFP+ 
cells of Sox9+/CD embryos were equivalent (SI Appendix, Fig. S7C).

Comparing populations by multidimensional scaling revealed that 
GFP+ and GFP- cells of Sox9+/CD limb buds show different gene 
expression profiles to their counterparts in Sox9+/+ embryos (Fig. 5B). 
A total of 303 differentially expressed genes (DEGs) were identified, 
of which 227 genes were down-regulated and 76 were up-regulated 
(Fig. 5 C and D). Gene Ontology (GO) analysis of down-regulated 
genes revealed enrichment for genes involved in bone and cartilage 
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development and ECM processes (Fig. 5E and Dataset S2). Among 
the most affected were typical cartilage genes, such as Col2a1, Col9a1, 
Col9a3, Col11a2, Chadl, Matn4, Trpv4 and Hspg2, signaling mole-
cules Tgfa, Nog and transcription factors such as Foxa3, Snai1 and 
Sox8 (Dataset S1). To identify genes affected by haploinsufficiency 
or hypomorphic activity of SOX9Y440X, we compared the DEGs in 
GFP+ Sox9+/CD with those reported to be down-regulated in E11.5 
and E12.5 Sox9−/− (homozygous null) limb buds (15). We found 29 
down-regulated genes in common, among which were Sox5, SOX9 
ECM gene targets such as Col2a1, Col9a2, Col9a3, Col11a2, Matn4, 
Lect1, and Chadl, and regulators of TGF/BMP signaling such as Tgfa, 
Nog (Dataset S3) (15, 20, 21, 48).

None of the up-regulated DEGs in Sox9+/CD GFP+ cells over-
lapped with the Sox9−/− limb bud dataset (15) (Dataset S3). These 
Sox9+/CD GFP+ DEGs included members of the WNT signaling 
pathway, such as the ligands Wnt3, Wnt6, Wnt7a, Wnt9b, as well 
as the pathway regulators, Ctbrc1 and Rnf43 that modulate 
Frizzled receptor activity to control WNT signaling (52) (53, 54) 
(Fig. 5C). These changes imply an overall increase in WNT sign-
aling activity in the Sox9+/CD limb bud. Although in situ hybrid-
ization on E13.5 developing limbs showed increased expression 
of Ihh, Ptch1, Mmp13, and Opn (Spp1) (Fig. 2), these genes were 
not up-regulated in the transcriptome data. This discrepancy could 
be due to limitations of bulk RNA-seq to detect changes in gene 
expression occurring in a small fraction of the limb bud cells.

To identify direct SOX9 targets among the Sox9+/CD DEGs, we 
scanned +/− 10 kb of the promoter of every DEG for SOX9 binding 
peaks that had been identified in mouse rib chondrocytes and rat 
chondrosarcoma cells (20, 21). Of the DEGs, 163 down-regulated 
genes and 12 up-regulated genes were identified (Fig. 5F). Many of 
the down-regulated DEGs with SOX9-binding peaks encoded ECM 
proteins and enzymes involved in sulfation of proteoglycans, 

including Col2a1, Col11a2, Chst11, Csgalnact1, and Papss2 (Dataset 
S4). Reduced expression of these genes should perturb ECM synthe-
sis. Overall, many of the Sox9+/Y440X DEGs identified are associated 
with skeletal disorders (Datasets S5 and S6). For example, mutations 
in SLC26A2, an anion exchanger/anion channel and sulfate trans-
porter, cause the chondrodysplasia, diastrophic dysplasia (24)

SOX9 acts in concert with partner factors, some of which are 
transcriptional regulators of chondrogenesis and osteogenesis and 
components of the HH, BMP, and WNT pathways (14). To inves-
tigate the impact of SOX9Y440X on SOX9-partner regulation, we 
integrated bioinformatics analyses of the Sox9+/Y440X transcriptome 
with published SOX9 ChIP-seq chondrocyte/limb-bud datasets that 
had identified the binding motifs/peaks of SOX9 in conjunction 
with partners such as SOX5, SOX6, AP1, and GLI (20, 21, 23, 29, 
55). We scanned 10 kb +/− of the promoter of every SOX9-bound 
Sox9+/CD GFP+ DEG for AP1 binding peaks [BMP pathway, (23)] 
(SI Appendix, Fig. S7D and Dataset S4). Most SOX9-bound target 
DEGs were also SOX9-AP1 targets, e.g., Col2a1, Nog (down-regu-
lated, 155) and Wnt7b, Rspo1 (up-regulated, 8), suggesting 
SOX9Y440X interferes with BMP/TGFβ signaling. GLI factors, the 
mediators of HH signaling, interact functionally with SOX9 in pro-
liferating and PHCs (29). We scanned the Sox9+/CD GFP+ DEGs for 
the previously described combination of SOX9 and GLI1 peaks (55) 
and found four, Cxxc5, Csgalnact1, Wnk4 (down-regulated) and 
Wnt7a (up-regulated) (SI Appendix, Fig. S7E and Dataset S4). 
Interestingly, zinc-finger factor CXXC5 is a reported coordinator of 
BMP and WNT signaling (56). Since SOX9 regulates WNT sign-
aling via moderating the availability of β-catenin, we also looked for 
GFP+ DEGs with SOX9 binding peaks (20, 21) associated with the 
presence of SOX9/LEF/TCF consensus motifs (SI Appendix, Fig. 
S7F and Dataset S4). Four down-regulated DEGs, Hr, Sh3tc2, Rgs3, 
and Slc26a2 were identified in the GFP+ sample. Overall, these 
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results implicate SOX9Y440X as having impacts on multiple interact-
ing pathways, notably BMP, HH, and WNT.

The ectopic ossification in the perichondrium of Sox9+/CD could 
be caused by noncell-autonomous signals from the chondrocytes. 
One way of assessing this possibility would be to assess whether 
there was an impact on GFP- cells in the Sox9+/CD limbs. We 
compared GFP+ and GFP− DEGs that were down-regulated or 
up-regulated in mutant cells for overlap. The fraction of unique 
(non-overlapping) mutant GFP− DEGs was large (89%). 
Furthermore, the expression level of Sox9 transcripts detected in 
GFP− cells was very low (only 5 to 8% of the levels in the GFP+ 
fraction, SI Appendix, Fig. S6B and Dataset S1) consistent with 
the FACS enrichment of GFP+ cells (SI Appendix, Fig. S7C).

Compared with WT, 425 genes were down-regulated in Sox9CD 
GFP- cells, of which 48 (11%) were also among the 227 DEGs iden-
tified for Sox9CDGFP+ cells (SI Appendix, Fig. S7G and Dataset S7). 
GO term analyses of the Sox9CDGFP− down-regulated DEGs showed 
enrichment for regulation of bone synthesis/remodeling including 
Spp1 (osteopontin) (57) and Inpp5d (encoding for SH2-containing 
inositol-5′-phosphatase-1 (SHIP-1)) (SI Appendix, Fig. S7H). 
Interestingly, SHIP-1 is expressed in osteochondroprogenitors. 
SHIP-1 mutant mice show accelerated chondrocyte hypertrophy and 
premature formation of the secondary ossification center (58). Of the 
85 DEGs up-regulated in GFP− mutant cells, 19 overlapped with the 
GFP+ DEGs (76 genes) and included genes in the WNT pathway 
such as Wnt3, Wnt6, Wnt7a, Wnt9b, and Gjb2 (Datasets S2 and S7). 
GO term analysis of up-regulated DEGs in Sox9CD GFP− cells high-
lighted “cytokine–cytokine receptor interaction”, which includes 
chemokine molecules (cytokines and their receptors e.g., Ccl12, Cxcl2, 
and Cxcr5), BMP pathway genes (e.g., Gdf5, Bmpr1b, Bmpr2) as well 

as genes classified under “frizzled binding” term, which included 
Wnt3, Wnt6, Wnt7a, Wnt7b, and Wnt9b (Dataset S2). These data 
suggest that many of genes differentially expressed in Sox9CDGFP− 
cells could reflect noncell autonomous effects on promoting osteo-
genesis, especially the WNT pathway.

SOX9Y440X Cannot Antagonize β-catenin-
Mediated Transactivation of Ihh

The WNT/β-catenin pathway has been reported to positively reg-
ulate Ihh transcription in chondrocytes to control osteoblast devel-
opment in the perichondrium (59–61). SOX9 antagonizes WNT 
signaling by interaction with β-catenin and promoting its degrada-
tion (62, 63). Therefore, we investigated whether SOX9Y440X dis-
rupts the normal interaction between SOX9 and β-catenin in 
antagonizing β-catenin-mediated transactivation of Ihh.

We found that ectopic expression of Sox9 in HEK293 cells reduced 
β-catenin levels, whereas expression of Sox9Y440X was unable to pro-
mote β-catenin degradation. Furthermore, coexpression of SOX9Y440X 
resulted in reduced ability of SOX9 to induce β-catenin degradation 
(Fig. 6 A and B). In line with these in vitro results, immunostaining 
revealed increased numbers of HCs stained for unphosphorylated, 
active β-catenin in C10Sox9CD/CD;TdT mutants compared with con-
trols (Fig. 6 C and D). SOX9 has been reported to interact with 
β-catenin via its C-terminal transactivation domain (62). Consistent 
with the truncation of SOX9 in its transactivation domain, SOX9Y440X 
did not coimmunoprecipitate with β-catenin. Most importantly, 
SOX9Y440X interfered with the ability of SOX9 to interact with β-cat-
enin, rendering it ineffective in promoting degradation of β-catenin 
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(Fig. 6E) and thereby would be predicted to result in an upregulation 
of β-catenin-TCF–LEF-mediated WNT signaling.

The Ihh promoter region contains TCF·LEF·SOX9-binding motifs 
(64). To assess whether the inability of SOX9Y440X to target β-catenin 
for degradation leads to increased Ihh transactivation, we generated 
a luciferase reporter driven by an 849-bp fragment of mouse Ihh 
promoter region (pIhh-849-Luc) and measured reporter activity in 
transient transfection assays in HEK293 cells. While expression of 
SOX9 alone failed to transactivate luciferase, transfection-mediated 
expression of β-catenin and SOX9Y440X individually and in combi-
nation, stimulated transactivation of the luciferase reporter (Fig. 6F). 
Furthermore, introduction of SOX9Y440X led to an increased luciferase 
activity in SOX9 and β-catenin coexpressing cells (Fig. 6F). 
Cotransfection experiments showed that SOX9 inhibited β-cat-
enin-mediated transactivation of the reporter, whereas SOX9Y440X 
did not. Furthermore, introduction of SOX9Y440X abrogated the 
repressive effect of SOX9 on β-catenin-mediated transactivation of 
the Ihh promoter (Fig. 6F). These data suggest that the presence of 
SOX9Y440X interferes with the repressive activity of SOX9 on Ihh. In 
addition, SOX9Y440X has reduced ability to mediate degradation of 
β-catenin, thereby enabling β-catenin to stimulate chondrocytic IHH 
signaling. Both of these scenarios contribute to campomelia.

SOX9Y440X Exerts Hypomorphic and Dominant-
Negative Interference Effects In Vivo

SOX9 transactivates genes as a DNA-dependent dimer (20, 30, 
65–67). SOX9Y440X retains intact DNA-binding and N-terminal 
dimerization domains. To gain mechanistic insights into the dom-
inant interfering activity of SOX9Y440X, we first performed chro-
matin immunoprecipitation assays on E13.5 limb lysates and 
demonstrated that SOX9Y440X could bind to known SOX9 target 
genes such as Acan, Col2a1, and Col10a1 with comparable 

efficiency to its wild-type counterpart (Fig. 7A). Coimmun-
oprecipitation assays on embryo extracts using WT SOX9 and 
SOX9Y440X antibodies showed that the immunoprecipitated com-
plexes contained both SOX9Y440X and SOX9, suggesting mutant 
and WT SOX9 can dimerize in vivo (Fig. 7B). Since both SOX9 
and SOX9Y440X can bind DNA, altered regulation of SOX9 targets 
in the mutant could be due to loss of function (i.e., haploinsuffi-
ciency) or residual transactivation capacity (i.e., hypomorphism) 
of SOX9Y440X. It is also possible that SOX9Y440X binding to target 
regions negatively affects transactivation by WT SOX9, especially 
where homodimers are involved, resulting in a dominant-negative 
effect. We therefore assayed the transactivation ability of 
SOX9Y440X in vivo using an established chicken neural tube elec-
troporation technique that allows the introduction of exogenous 
proteins at defined dosage and combination (Fig. 7C). As 
expected, WT SOX9 stimulated the Col2a1-luciferase reporter in 
a dose-dependent manner (Fig. 7D), whereas SOX9Y440X exhib-
ited residual transactivity and increasing amounts did not enhance 
reporter activity (Fig. 7E). Notably, the addition of SOX9Y440X 
significantly suppressed the induction of Col2a1-luciferase 
reporter by SOX9, indicative of a dominant-negative/interference 
action of SOX9Y440X (Fig. 7F). In support of these findings, in situ 
hybridization revealed a marked reduction of Col2a1 transcripts 
in many tissues of Sox9+/CDwhere Col2a1 and Sox9 are co-expressed 
(11), but the degree of downregulation in the developing neural 
folds, somites and otic vesicle, was more severe in Sox9+/CDembryos 
than in Sox9+/− (Fig. 7G).

To test the relevance of dominant-negative interference by 
SOX9Y440X in vivo, we examined the transactivation ability of SOX9 
or SOX9Y440X in vivo using double transgenic mice. We utilized a 
Hoxa1 enhancer element (HoxaIII) (68) that drives the expression 
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of a LacZ reporter (pYH26) to the notochord, floor plate, and gut 
epithelium with lower expression in the paraxial mesenchyme 
(Fig. 7H') and transgenic mice carrying a COL2A1 enhancer-LacZ 
reporter (pKL80.3)(17, 69) that expresses LacZ at characteristic 
Col2a1-expressing sites such as the notochord, paraxial mesenchyme, 
branchial arches, frontonasal process, and somites but not the gut 
(Fig. 7H''). The HoxaIII enhancer was linked to either Sox9 (pYH5) 
or Sox9Y440X (pYH6) and used to generate double transgenic mice 
in the background of the Col2a1-LacZ reporter gene. pYH5;pKL80.3 
(HoxaIII Sox9;Col2a1-LacZ) double transgenic mice developed nor-
mally and the LacZ reporter was transactivated, where SOX9 was 
ectopically expressed in the periocular mesenchyme and gut (n = 3), 
consistent with previous demonstration of the direct transactivation 
of COL2A1 (17). However in pYH6;pKL80.3 (HoxaIII 
Sox9Y440X;Col2a1-LacZ) double transgenic mice, reporter transacti-
vation in the gut was not found (Fig. 7 H''' and H''''). Importantly, 
HoxaIII Sox9Y440X;Col2a1-LacZ embryos displayed abnormalities 
such as the open neural tube, stunted branchial arches, and shortened 
frontonasal process, and the expression of Col2a1-LacZ in the noto-
chord was diminished (Fig. 7H'''', n = 17). Given that the double 
transgenic mouse embryos carried two alleles of endogenous WT 
Sox9 and multiple copies of the Sox9 (pYH5) or Sox9Y440X (pYH6), 
a plausible explanation for the reduced reporter activity in the noto-
chord and paraxial mesoderm in HoxaIII Sox9Y440X; Col2a1-LacZ 
embryos and abnormal phenotypes was that exogenous SOX9Y440X 
dominantly interfered with the endogenous SOX9 by competitive 
binding to the Col2a1 enhancer within the LacZ transgene. 
Dominant interference of HoxaIII-driven Sox9Y440X with endogenous 
Sox9 activity in the neural tube, neural crest, and paraxial 

mesenchyme could cause the open neural tube and frontonasal and 
branchial arch abnormalities in the Sox9Y440X;Col2a1-LacZ embryos.

Discussion

When clear genotype–phenotype correlations are lacking in domi-
nant syndromic disorders such as CD, the challenge lies in defining 
the underlying cellular and molecular mechanisms. Although the 
phenotypic impact of complete loss (homozygosity for a null muta-
tion) of SOX9 function in different tissues is well known in the 
mouse, including the set of gene targets that are affected in the 
absence of the protein (7, 8, 14, 15, 26, 70–73), it is not clear what 
happens in heterozygotes, where the phenotypes are often dominant 
(14). The latter could be due to hypomorphic, dominant-negative, 
or neomorphic effects or a combination of more than one of these. 
In this study, we provide insights into the molecular mechanisms 
underlying the effects of heterozygosity for a SOX9 CD mutation 
with a truncated transactivation domain, on chondrocyte differen-
tiation and osteogenesis. We tested the hypothesis that mechanisms 
other than haploinsufficiency operated in heterozygous mutations 
that are not null mutations. By comparing conditional mouse models 
of CD caused by a null mutation with the Sox9Y440X mutation and 
a combination of transcriptome analyses, transactivation assays in 
cells and double transgenic mice, we provide evidence for a combi-
nation of dosage (haploinsufficiency/hypomorphism) and domi-
nant-negative/neomorphic mechanisms that cause both cell 
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autonomous and noncell autonomous effects resulting in dysregu-
lated osteogenesis and campomelia (Fig. 8A).

The skeletal hallmarks of CD and premature mineralization of 
bone in heterozygous Sox9+/− mice have been attributed to haploin-
sufficiency (39). Respiratory distress is the major cause of death in 
neonatal CD patients (74). Several aspects of the phenotype and 
molecular changes in Sox9+/CD mice are consistent with haploinsuf-
ficiency/hypomorphism. For example, the milder anomalies in 
tracheal cartilage and the survival of some Sox9+/CD mice are consist-
ent with the residual transactivation activity for SOX9Y440X shown 
in transactivation assays and double transgenic mice (38, 42).

Transcriptome profiling of Sox9−/−mutants and ChIP assays 
have identified thousands of SOX9 target genes in skeletal tissues 
(15, 26, 72). Our transcriptomic analyses in E13.5 Sox9+/CD limb 
buds revealed dysregulation of genes encoding ECM proteins and 
members of the BMP and WNT signaling pathways, implicating 
SOX9 as a master integrator of these pathways that regulate chon-
drocyte differentiation and osteogenesis (1, 6, 14). Comparison 
of gene expression in limb buds of E13.5 Sox9+/CD with that in 
E11.5 and E12.5 Sox9−/−null mutants (15) identified down-reg-
ulated genes in common, especially DEGs encoding well-known 
SOX9 targets, such as ECM genes important for cartilage integrity 
(e.g., Col2a1, Col9a3, Matn1, and Acan), transcription factors 
(e.g., Sox5, Sox6, Foxc2, and Sema3d) and a regulator of the BMP 
signaling pathways (Nog). Many of the DEGs identified are asso-
ciated with skeletal disorders, for example ACAN, PAPSS2, 
CHST11, and SLC26A2 (24, 75–81) (Datasets S5 and S6). These 
down-regulated DEGs are consistent with haploinsufficiency, 
illustrating the dosage requirement for SOX9 and its importance 
for the synthesis of an appropriate ECM and for maintaining 
skeletal development.

Several lines of evidence suggest that mechanisms other than 
haploinsufficiency may apply for transactivation domain-truncating 
mutations like SOX9Y440X. Transactivation assays in primary chon-
drocytes derived from CD patients have shown that, compared with 
null mutations, truncating SOX9 mutations more severely reduced 
endogenous SOX9 transactivation. Aspects of the phenotypic sever-
ity and molecular changes in Sox9+/CD mice compared with Sox9+/− 
mice are consistent with alternative mechanisms.

First, skeletal development in Sox9+/CD mice was substantially 
more severely affected than in Sox9+/− mice. Molecular analysis in 
Sox9+/CD mutants revealed upregulation of HH signaling, enhanced 
expression of Ihh in the prehypertrophic and hypertrophic zones, 
and expanded and increased expression of the HH receptor gene 
Ptch1 in PCs and perichondrium. The different expression domains 
of collagen X protein versus Col10a1 transcripts in the hypertrophic 
zone, and premature OSX and Col1a1/Opn/Mmp13 expression, all 
point to increased osteogenesis in the perichondrium/bone collar of 
mutant limbs, especially in the region of bowing. These changes were 
rarely observed in the Sox9+/− mice.

Second is the impact of Sox9Y440X on SOX9-mediated degrada-
tion of ß-catenin in Sox9Y440X-expressing cells. The SOX9 C ter-
minus interacts with β-catenin to antagonize its activity via protein 
degradation, and in turn β-catenin positively regulates Ihh sign-
aling in cartilage (59, 62–64). A functional link between HH 
signaling and WNT/ß-catenin signaling has been proposed (82) 
because HH signaling increases the expression of WNT ligands 
and enhance WNT/ß-catenin activation. Interestingly, activation 
of a β‐catenin gain-of-function mutation in both immature chon-
drocytes and the perichondrium led to enhanced Ihh signaling 
and thickened perichondrial bone (59). Our transactivation assays 
showed SOX9Y440X did not induce β-catenin degradation. The 
impaired β-catenin mediated suppression of transactivity on an 
Ihh promoter-driven reporter gene; the negative impact on trans-
activation of the Col2a1 reporter in both chick embryos and dou-
ble transgenic mouse embryos, are all consistent with a model of 
dominant-negative action of SOX9Y440X.

Our study also provides insights into the cause of campomelia. 
Two mechanisms have been put forward to explain campomelia in 
CD: the presence of a hypoplastic cartilage primordium that forms 

a distorted template for bone, or malformation of the weakened car-
tilage and developing bone because of mechanical stresses from grow-
ing tendons and muscles (39, 83). The former could be due to 
deficiency in the cartilage matrix because of haploinsufficiency for 
SOX9. However, as the C10Sox9CD/CD;TdT mice exhibited normal 
growth plate morphology and SOX9Y440X is not expressed in tendon 
and muscle cells, additional mechanisms must underlie bone bowing. 
SOX9Y440X caused asymmetric perichondrial hyperossification result-
ing in bowed limbs in both constitutive and conditional Sox9+/CD and 
C10Sox9CD/CD;TdT mutants. The extent of perichondrial hyperossi-
fication correlated with the severity of campomelia, supporting a 
causative relationship between the two. We hypothesize that the aber-
rant perichondrial bone mass disturbs the growth axis of the long 
bone, causing curvature of the cartilage template and the ensuing 
endochondral bone. Furthermore, campomelia likely arises from the 
combined contribution of abnormal chondrocyte differentiation and 
perichondrial hyperossification acting in parallel.

An important question arising is whether the campomelia in  
Sox9+/CD is the result of cell-autonomous or noncell autonomous 
effects or a combination of both. The campomelia and enhanced 
osteogenesis in the E13.5 perichondrium of HC-specific Sox9CD/CD 
homozygotes, in which Sox9Y440X is activated in HCs but not the 
perichondrium, raises the possibility that part of the impact of the 
mutant SOX9 is a noncell autonomous upregulation of Ptch1-
mediated HH signaling and up-regulation of WNT pathway genes 
and chemokines such as CXCL12, which signal to non-Sox9Y440X 
expressing cells in the perichondrium leading to the perichondrial 
bone mass.

Proteoglycans and their sulfation have been reported to be nec-
essary for proper HH signaling in the developing growth plate 
(84), and are thought to modulate the range and gradient of HH 
signaling in the ECM. The impact of Sox9Y440X on expression of 
many genes encoding ECM proteins, including collagens (Col2a1, 
Col11a2) and proteoglycans (Hspg2, Comp, Chad), and others that 
contribute to their biosynthesis, e.g., enzymes involved in sulfation 
of proteoglycans (Slc26a2, Papss2, and Chst11), would be pre-
dicted to result in an abnormal ECM, which could perturb growth 
factor/morphogen signaling.

The reasons for the deviation of the orientation Sox9+/CD growth 
plate and asymmetric synthesis of ectopic bone associated with the 
bowing are unknown. A question to address in future is the relevance 
of the upregulation of the frizzled pathway found in both GFP- and 
GFP+ cells. Upregulation of Wnt9b could affect planar cell polarity 
(PCP) (85) in the Sox9+/CD mutant growth plate contributing to the 
campomelia. Noncell autonomous upregulation of WNT pathway 
genes in the perichondrium could cause hyperossification, contrib-
uting to the ectopic ossification. It is also possible that changes in 
apicobasal polarity contribute to the asymmetric perichondrial oste-
ogenesis. Col9a3 expression was down-regulated and notably Sox9 
deletion in the choroid plexus reduced Col9a3 expression and dis-
rupted apicobasal polarity (86). Whether the down-regulated expres-
sion of Col9a3 and other ECM genes in Sox9+/CD limb buds similarly 
affect apicobasal polarity leading to aberrant osteogenesis warrants 
further investigation.

In summary, we propose a model (Fig. 8) in which, for some 
SOX9 CD mutations, rather than global haploinsufficiency for 
SOX9, and in a manner that is dependent on the target gene and 
cell context, both haploinsufficiency/hypomorphism and domi-
nant-negative mechanisms can apply. Furthermore, the final phe-
notype may arise from both cell autonomous and noncell 
autonomous effects. Such a molecular model provides insights into 
the role of SOX9 in skeletal morphogenesis, and the control of 
chondroosteogenesis that influences bone shape.

Since Sox9 has many roles in development and in adult stem cells 
in diverse tissues, the principles we have uncovered demonstrate the 
importance of determining the appropriate cellular context of a single 
causal mutation in order to interpret the underlying mechanisms of 
syndromes in which there are multiple disease-related cellular phe-
notypes. The findings therefore extend beyond skeletal development, 
to the other organs where SOX9 has important roles, such as in sex D
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determination, inner ear, kidney, and neural development. The find-
ings are also relevant to understanding the molecular role of SOX9 
in acquired diseases (87), controls of chondroosteogenesis, which are 
reiterated in different clinical scenarios such as during normal frac-
ture healing and in other diseases where repair is impaired and bone 
bending occurs such as in osteogenesis imperfecta. The mechanistic 
principles are also applicable to other developmentally important 
transcription factors that work with partners and have significance 
for tissue-specific effects in a broad spectrum of diseases.

Materials and Methods

Detailed description of standard methods is in SI Appendix.

Sox9floxed-Y440XMice. Sox9floxed-Y440Xmice were generated from gene targeted 
ES cells (SI Appendix, Fig. S1A). The targeting vector contained mouse genomic 
Sox9 sequences including exons 1, 2, and a loxP-flanked exon 3, followed by a 
mutated exon 3 (exon 3) carrying a nonsense mutation Y440X and IRES2-EGFP 
sequences, and a FRT-flanked pgk-neo cassette inserted before the 3’flanking 
sequences. Details are shown in SI Appendix, Fig. S1 B–G.

SOX9Y440X Antibody. Sox9Y440X mutation leads to the production of a truncated 
SOX9 protein of 439 amino acids compared with a wild type of 507 amino acids. 
The peptide sequence chosen for raising the antibody consists of 14 a.a. (426 
to 439), YSPSYPPITRSQYD. Peptide synthesis and antibody production were by 
Covalab UK Ltd. (www.covalab.co.uk). See SI Appendix for details.

Mouse Phenotype Characterization, Transactivation, Luciferase, and 
ChIP Assays. Standard methods were used, see SI Appendix

RNA-seq. E13.5 mouse limb buds (4 to 6 pairs of forelimb (FL) and the hindlimb 
(HL) were harvested from Sox9+/IRES-EGFP (WT) and Sox9+/Y440X-IRES-EGFP (CD) 
and digested with 0.05% Collagenase Type II (Worthington Biochemical, Cat. CLS-
2) and 0.05% Neutral protease (Worthington Biochemical, Cat. LSO2100) in DMEM 
for <1 h at 37 °C. For RNA-sequencing, 100 ng total RNA was used as input for each 
sample. cDNA libraries were prepared by TruSeq Stranded mRNA Sample Prep Kit 

(Illumina) according to the manufacturer’s instructions. PairEnd sequencing of 101 
bp was done using the HiSeq 1500 Sequencer Model. The Illumina HiSeq SBS Kit 
v4 and the HiSeq PE Cluster Kit v4 cBot were used for cluster generation on the 
flow cell. See SI Appendixor details of bioinformatics analyses.

Data, Materials, and Software Availability. [RNA sequencing] data have 
been deposited in [GEO database; Github] (GSE201261; https://github.com/
fuxialexander/sox9). All study data are included in the article and/or SI Appendix.
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